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RESEARCH PROGRAM PLAN 


OBJECTIVES . . - - 

1 . Technological assessment of ribbon growth of silicon by 
a capillary action shaping technique. 

2, Economic evaluation of ribbon silicon grown by a capil- 
lary action shaping technique as low-cost silicon. 


SYNOPSIS OP PROGRAM OP STUDY 


1. Crystal growth of silicon ribbons. 


2. Characterization of silicon ribbons. 


3. Economic evaluations and computer-aided simulation of 
ribbon growth. 


iv 



EIGHTH QUARTER HIGHLIGHTS 


o 6ver 25 meters of 50 min wide ribbon was grown during 
thfe quarters 

6 MehiSous heights wer6 measured to lie in the range 
Oj 6-6.8 min for bs25 mm thick ribbons s 

o A single 50~mm SiC^coated graphite die has been used to 
grow 17 ribbons (13 meters) of which 7 were completely 
free of Sic surface particles. 

o Ribbon stress levels were measured to lie in the range 
2-7 X 10® dynes/cm^. 


o A 1 00-miil-wide ribbon growth furnace has been designed. 

o Electrically active defects in CAST ribbons were 
identified as silicon carbide inclusions, high and low 
angle grain boundaries high order twins boundaries, 

' multiple stacking faults > dislocation bands and 
'd*l?slocations . 

6 The electrical activity of grown-in dislocations due to 
their low density is only moderate. Grown-in 
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dislocations are generated by thermal gradients 
associated with the growth technique. Their density 
varies from 3 x 10^ to 5 x 10^ per cm^, 

o Dislocation bands with densities larger than 10^ 
dislocations/cm^ are strongly active. They consist of 
two groups of dislocations. One group is inclined 
towards the ribbon surface/ while the other is almost 
parallel to ribbon surface in the growth direction. 
Both groups of dislocations have the same type of 
Burgers vectors/ a/2 [011] and a/2 [101]. Dislocation 
networks are formed through the interaction of the two 
dislocations which leads to the formation of 90 degree 
dislocations • 

o Grain boundaries are stronglyactive . Their formation 
results mainly from foreign inclusion such as silicon 
carbide or from the non-accommodation of crystal 
lattice planes. Such non-accommodation of crystal 
lattices occurs when two crystals of different 

preferred orientation/ such as [011] and [211] 

orientations/ join. The boundaries contain 
dislocations and/or ledges which are spaced 
approximately 0.1 ym apart. 

o First order (coherent) twins and stacking faults are 

Vi 



nonactive. Their electrical activity increases as they 
degenerate into multiple overlapping faults and 
low-angle boundaries. The low-angle boundaries contain 
a high density of dislocations. The dislocation 
spacing ranges from 0.1 to 0.4 pm with an average of 
0.2 pm. Degenerated twins act as dislocation sources. 

Float-zone technology is potentially less expensive 
than Czochralski technology and, consequently, should 
be rapidly developed and automated to the level of 
today's Czochralski technology. 

Float-zone technology - can potentially 
Czochralski technology by a factor of 3, 


outproduce 



ninth quarter activity plan 


o Install and Test 1 00 mm growth s_ystem_. 


o Refine meniscus height measurement and determine 
process dependencies. 


o Complete evaluation of SiC-coated graphite die. 


o Evaluate die materials furnished by JPL. 
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CRYSTAL GROWTH 


by 


T. F. Ciszek 
1 . 0 INTRODUCTION 

The crystal-growth method under investigation is a capillary 
action shaping technique. Meniscus shaping for the desired 
ribbon geometry occurs at the vertex of a wettable die. As 
ribbon growth depletes the melt meniscus, capillary action 
supplies replacement material. The configuration of the 
technique used in our initial studies is shown in Fig. 1 and 
is similar to the edge-defined, film-fed growth (EFG) 
process described by LaBelle^^^. The crystal-growth method 
has been applied to silicon ribbons for several 
years . As our work on silicon ribbon growth has 
progressed, we have found that substantial improvements in 
ribbon surface quality could be achieved with a higher melt 
meniscus than that attainable with the EFG technique. Thus, 
in our later work we have abandoned the EFG technique in 
favor of the improved capillary action shaping technique 
which employs the capillary die design shown in Fig. 2. 
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Fiq. 1. A schematic diagram of the capillary action 
shaping technique for silicon ribbon growth. 

It represents a departure from the die types used for 
edge-defined, film-fed growth, in that the bounding edges of 
the die top are not parallel or concentric with the growing 
ribbon. The new dies allow a higher central melt meniscus 
(Pig. 3) with concomitant improvements in surface smoothness 
and freedom from Sic surface particles, which can degrade 
perfection. 
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Fig. 2. Die for improved capillary action shaping techniaue 
ribbon growth . 



Pig, 3. Cross section through die and ribbon: (a) central die 

top before seeding, (b) near edge of die during growth, 
and (c) near central region of die top during growth. 
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Certain problems still await solution before the technique 
becomes viable for large-^scale economical photovoltaic 
applications. High-density graphite fulfills the durability 
and wettability requirements of a die^-^- and -has been used-,- 
to date# for most silicon ribbon growth^ it is not, however, 
completely non-reactive. Good crystallographic perfection 
has been achieved on small ribbon seqpments , but the 
structure of large ribbons is marred by planar, line, and 
point defects. 

Our objective in this work is to pittain a plear 
technological assessment of silicon ribbon growth by the 
capillary action shaping technique and to enhance the 
applicability of the technique to photovoltaic power device 
material . 

In this report, our progress in 50-mm-wide ribbop grojjrth is 
presented. Twenty-five meters of ribbon were gro^ d'*iring 
the quarter, more than half of which y/a.s shap^ed j^ith a 
single SiC-coated graphite die. Meniscus geometry has be.en 
detailed. Meni.scus heights of ,0.6-0. 8 mm are typical for 
0.2 to 0.4 mm thick ribbons grown by the CAST method. Seven 
ribbons completely free of SiC surface particles and eleven 
ribbons with a particle density of < 3 x fip-^/cm^ wer.e 
grown. Stress levels of the 50 mm ribbons were found to ;be 
in the range of 2-7 x 10® dynes/cm^. A 100-mm-wide ribbon 
growth system has been designed,. 
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2.0 GROWTH EXPERIMENTS 


2 . 1 General Description 

Forty-nine growth runs were made since the last reporting 
period, resulting in 36 silicon ribbons. The total length 
was 28.8 meters, of which 24.8 meters was 50 mm wide ribbon 
and 4 meters was 38 mm wide ribbon. Minimum thicknesses 
ranged from 0.09 to 0.82 mm, and maximxim thicknesses ranged 
from 0.17 to 1.10 mm. The fastest growth rate attained to 
date was for ribbon 70411. The thickness was 0.15 mm at a 
4-cm/min growth rate. The ribbon growth runs made since the 
last reporting period are siimmarized in Appendix I; the 
dimensional characteristics of the ribbons are given in 
Appendix II. Several 50 mm wide ribbons are shown in 
Pig. 4. 

Two die materials were found to be suitable for CAST growth. 
One is Ultracarbon UT-44 graphite (runs 70407-70412). The 
other is an impervious SiC-coated die using Ultracarbon 
UT-86 graphite as a substrate. A considerable number of 
runs were made to evaluate long term performance of one die 
made from this material (runs 70413-70604). Other process 
parameters addressed during this period were meniscus 
height, dopant distribution, and ribbon stresses. 
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Fig. 4. 


Several 50 mm-wide CAST ribbons approximately 
1 meter in length. 
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2.2 Evaluation of an SiC-coated Graphite Die 


The primary objective of growth runs 70413 through 70604 was 

to monitor the performance of a single SiC-coated graphite 

die. The graphite grade was Ultracarbon UT-86, and the 

impervious SiC coating was applied by chemical vapor 

deposition. The die has been used for 24 growth attempts in 

14 melt-down cycles and has produced 17 ribbons of total 

length 13,1 meters. The SiC particle density for individual 

consecutive ribbons and also the accumulative density (total 

Sic particles/total area grown) are summarized in Fig. 5. 

-3 2 

The accumulative SiC particle density was 1.3 x 10 /cm 
3 2 

after 2 x 10 cm of ribbon had been pulled and rose to 9 x 
_-i 2 3 2 

1 0 ’’/cm after 4.5 x 1 0 cm of ribbon had been grown from 

^ 2 

the die. After 6.5 x 10 cm of growth, the accumulative 

-0 2 

particle density was 1.6 x 10 /cm . The rise in 

accumulative particle density is largely due to two ribbons 

which had abnormally high densities of 7.1 x 10 /cm and 
-1 2 

1.3 X 10 /cm . One of these (70601) occurred during a run 
in which the graphite heat shields were replaced. 

Discounting the two high density ribbons, the accumulative 
Sic particle density was 3.7 x 10"'^/cm^. Another way of 
expressing this result is that, on the average, one particle 
occurred after each 0.54 meter of growth. 
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Another example is shown in Plg» 9, where during the first 
day of operation {Monday) the equipment remains idle for 4.3 
hours, or 26.6% of the workday. In a more flexible pro- 
duction environment, 3.4 hours of overtime (2.5 + 5.2 - 4.3) 
would have resulted in a second crystal for the day. This 
problem does not happen to occur with the FZ case (Figs, 8, 
10, and 12), since the conditions (technology parameters) 
are such that two crystal starts per day can be readily 
scheduled. 
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A statistical break-doxro of the die's performance is given 
in Table I. 


TABLE I. Statistical Break-dovm of SiC Particle Pick-up with 
Sic -coated Die. 




Range of total 
Sic particle 
Count 

No. of ribbons 
with particles 
in the range 

Area of ribbons 
with particles 
in the range 

Percentage 
of Total 
area grown 

0-60 

17 

6575 

100 

0-30 

16 

6120 

93 

0-10 

15 

5740 

87 

0- 2 

13 

4535 

69 

0 

7 

2570 

39 


—2 2 

Sic particle densities of < 3 x 10 /cm are not unusual in 
the CAST growth configuration with graphite dies, and upon 
occasion a ribbon is grown with no particles — particularly 
when a very high melt meniscus is maintained. However, the 
large number of ribbons with zero or ^ 2 particles seen with 
the SiC-coated die has not been encountered before with 
graphite dies. The difference in particle pick-up between 
graphite and SiC-coated graphite dies is not thought to be 
related to a difference in solubility. The dissolution 
and solid contamination ' characteristics of SiC and C in 
silicon have been shown to be similar. The difference may 
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be due to the nature of the nucleation sites for 
crystallization of excess SiC from the carbon- saturated 
liquid silicon at the Sic die top. If the Sic die material 
promotes better adherence of Sic grown from solution than 
does graphite, then less free particulate SiC would be 
available in the meniscus region for incorporation in the 
growing ribbon. This concept has neither been verified nor 
disproved, as yet. 

2.3 Meniscus Height Measurements 

A technique was established for meniscus height measurement. 
The meniscus is photographed at a known viewing angle, 0, 
relative to the horizontal plane. For example, the meniscus 
of Pig. 6 was photographed at an angle of 52-1/2°. The 
distance from the seed to the solid-liquid interface at the 
time of the photograph is noted. Then, after growth, the 
ribbon thickness, the location photographed is 
measured. The die-top thickness, t^, is measured prior to 
the growth run. The apparent meniscus height, m, is 
obtained from a densitometer scan of the photographic 
negative (Fig. 7) using a Joyce, Loebl and Co. Ltd. 
double-beam recording microdensitometer model MK III CS. 
Once m, 0, t^, and t^ are known, the meniscus height, h^^^, 
can be obtained graphically as shown in Fig. 8. In this 
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Fig. 6. Meniscus photograph of ribbon 70410: 
width, 50 mm; speed, 19 mm/min. 
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.8 7 .6 .5 .4 .3 .2 .1 0 

(mm) 


Fig. 7. Densitometer scan of meniscus region on piiotogranhic 
negative. The anparent m.eniscus height m is obtained 
after dividing the scan distance across the meniscus 
by the magnification of the negative (usually 
about 0.4). 
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analysis/ it is assumed that the ribbon grows at the 

geometrical center of the die-top as shown in Fig. 8. While 

a number of menisci have been photographed, analysis has 

been completed on only a few. One series of measurements 

was made with a 50-mm-wide die having a 2.01 mm central 

thickness t, a 0.41mm slot dimension t / a 0.84 mm edge 
d s 

thickness/ and a 1.73 mm deviation from flatness of the die 
top (6 in Fig. 2) . The meniscus height h^^ was found to 
increase from .53 ram to 0.75 mm as the central ribbon 
thickness decreased from .42 to .23 mm. 
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At =0.75 mm, the ribbon is considered to be growing in 

the high meniscus mode of the capillary action shaping 

technique. The meniscus cross-sections for the two values 

of h^ are shown in Fig. 9. This Figure, along with Fig. 10, 

which is drawn from the data of reference 6, gives a 

comprehensive view of the growth geometry for the high melt 

meniscus mode of the Capillary Action Shaping Technique. 

For comparison, in the EFG growth technique the meniscus 

height is 9.06 mils (0.23 mm) for a 9.5 mil (0.24 mm) thick 
(7) 

ribbon . The factor of 3 increase in meniscus heights is 
a key advantage in obtaining smooth, low SiC particle 
density ribbons by the CAST method. 

2.4 Dopant Distribution in 50 mm Ribbons 

In our 6th Quarterly Progress report, a study of spreading 
resistance on silicon ribbons grown from various die 
configurations was made^®^. It was shown that open-channel 
dies (2-piece design) produce the most uniform transverse 
ribbon dopant distribution in 38 mm wide ribbons although a 
band of higher dopant concentration still tended to be 
present (Fig. 8 of ref. 8) . We have done similar 

measurements on a 50 ram ribbon grown from a 2-piece die and 
still find an enhanced dopant region in the near-central 
area of the ribbon (Fig. 11). The transverse measurements 
were made on a lapped, 4,67° bevel surface extending across 
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RIBBON 


.2 4 .8 


DIE 


Heniscus cross section for two values of ribbon 
thickness, using a 2 mm central die, top thickness. 
At 0.75 ram meniscus height, the ribbon is considered 
to be growing in the high meniscus mode . 


Crystal Growth 17 



£ 
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cvi 


Ir^iTi^TT I 

2 mm 


Fig. 10. Top sectional view, drav/n to scale, of tlio die top 
and the silicon ribbon during capillary action 
shaping tcchniciue growth in the high melt meniscus 
mode . 
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the width of the ribbon. The variation of spreading 
resistance with depth into the ribbon was checked by making 
measurements down the bevel both near a high resistivity 
region (point A of Pig-. 1 1 ) and a low' resistivity region 
(point B) , In both cases, excellent uniformity was observed 
in the thickness dimension (Figures 12 and 13)., 

2.5 Ribbon Stresses 

Since breakage of ribbons during sawing has been a problem, 
a few runs were made with thermal modifiers near the ribbon 
edges to see if residual stress levels could be lowered 
(runs 70506-70510). Stress levels were determined by 
splitting the ribbons at the tail-ends and measuring the 

I 

split width, s, as a function of distance, L, from the tip 
of the wedge-shaped crack or split opening. This was also 
done for several thin older ribbons not grown with thermal 
modifiers. Stresses were calculated in two ways. One 
method, suggested by M. Leipold^^^, is to use the expression 

a = W Y s , (1) 
4L^ 

where a is the stress in dynes/cm^, w is the ribbon width, 
and y is Young's modulus [1.9 x 10^^ dynes/cm^ for (111) 
silicon] . Generally, maximal values of L were used. The 
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SPREADING RESISTANCE (OHMS X 10 



POSITION ACROSS RIBBON (mm) 




SPREADING RESISTANCE (OHMS X 10 


b3 

O 



5 

4 

3 


2 


1 


BEVEL - 4.67° 

INTERVAL - lOpm 

SPACING -34pm RIBBON 70505 


0 0.02 I 0.04 0.06 0.08 0.10 


DEPTH (mm) 


Pig. 12. Spreading resistance as a function of depth into 

ribbon, measured on bevel. Location of measurements 
corresponds to Point A on Fig. 11. 
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_5 L 


BEVEL - 4.67° 
INTERVAL - 2.5m 
SPACING - 33m 


RIBBON 70505 


DEPTH (mm) 


Fig. 13. Spreading resistance as a function of depth into 

ribbon, measured on bevel. Location of measurements 
corresponds to Point B on Fig. 11. 



second method was to find the seven coefficients for a 
sixth-order polynomial least-squares fit for s vs L. The 
first and second derivatives ds/dL and d^s/dL^ were then 
evaluated, and the stress was calculated, as an average, 
over all values of L of the expression 

^ “ WY d^s/dL^ (2) 

4 [1 + (ds/dL) 2] 3/2 


as proposed by Hurley and Pollock The second method is 
very sensitive to the accuracy of the s-vs-L measurements 
and to the shape of the least-squares-f it curve and gives 
generally larger and less consistent values. The results 
obtained are given in Table II. 


TABLE II. Stress Values in Silicon Ribbons 


Ribbon 

No. 

W Y s 

WY d^s/dL* 

W (cm) 

Minimum 

Thickness 

(mm) 

Growth 

Speed 

(mm/min 


4 11 (ds/dt")T]' 37T 

(dynes/cm* ) 







70308 

70417 

70508 

70509 

2.7 X 1o3 

3.7 X 108 

4.8 X 10° 
3.5 x,10^ 

/ 

5 X 10® 

6 X 108 

7 X 10® 

■ 

.14 

.09 

.95 

.50 

23 

20 

16 

16 


7 

The ribbon’s grown ‘ with the thermal modifier (70508 and 
70509) could not be brought to full width (hence they are 
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thicker because of the CAST growth geometry) . Their stress 
levels were no lower than those of the normally grown 
ribbons. All stress levels measured were moderate and of 
comparable magnitude to those seen in 25- and 3 8 -ram growth. 

Even though measured stress levels in 50-mm-wide ribbons are 
only moderate, considerable breakage occurs when they are 
sawed into sections. A technique developed by P. Newman 
has reduced the saw breakage. The ribbon is intimately 
waxed to a lava substrate which has previously been waxed 
(with a higher- temperature wax) to an aluminum support bar. 
The bar can be mounted in a vise on a Micro-Mech diamond 
sawing machine. A 7 . 6-cm-diameter x 0. 19-mm-thick blade is 
used at 450 RPM and at a lateral travel rate of 3 cm/min. 

The key to reducing breakage appears to lie in not cutting 
through the entire ribbon thickness in a single pass. 
Rather, the cut is made in several passes with a 0.25-ram 
increase in depth per pass. 


3,0 100-mm System Design 

Design of a 100-mm growth system has been completed, and all 
parts have been submitted for fabrication. An assembly 
drawing is shown in Pig. 14. 
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T—Z 77; ^ I ■ 

14. Assembly drawing of 100-mr 
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CAST ribbon growth system. 











The chamber is designed to fit the hydraulic puller 
currently being used for SO-iran growth and will utilize the 
same vacuum system. The design consists of a clear uncooled 
quartz chamber fitted with cooled metal endplates. RF 
heating ^with an exterior coil will be used although 
provisions are made for an interior smaller coil if 
necessary. The hot~zone and pulling port will accommodate a 
100-mm maximum width. Numerous inert-gas, electrical, and 
sensor feed-throughs are provided for versatility. 

The sizing 'of the hot-zone components is as follows; 

ITEM Max O.D. (mm) Min I.D. (ram) 


Crucible 113 108 
Susceptor 138 115 
Insulation 170 145 
Furnace Shell 193 181 


The crucible capacity is 500 grams. 
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Appendix Ii 


Ribbon Growth Experiments Performed During the Current 
Reporting Period 


Run 

No. 

Oie 

flidth 

(rran) 

Die 

Material 

Experimental 

Variables 

Results 

70302 

50 

DFP-2 

Repeat of 70301 con- 
ditions. 

None 

70303 

50 

DPP-2 

Installed new quartz 
insulator tube . Ad- 
justed right argon 
flow balancing tube. 

Froze, unable to 
maintain full-width 
growth. 

70304 

50 

DPP-2 

Repeat . 

Silicon splashed on 
die and ruined it. 

70305 

38 

DPP-3-2 

Standard growth con- 
ditions, to produce 
ribbons for cutting 
experiments. 

114-cm ribbon. 

70306 

50 

DPP-3-2 

Photographic record- 
ing of meniscus 
heights, at speeds of 
1.5-3. 2 cm/min. New 
die. 

Good ribbon. Meniscus 
heights under eval- 
uation. Susceptor 
broke on cool-down. 
Photos not sharp. 

70307 

50 

DPP-3-2 

As above, except con- 
stant pull speeds of 
1 . 9 cm/min , while 
varying temperature 
and argon flows. 

92-cm-long ribbon. 
Meniscus heights 
under evaluation. 
Photos not sharp. 

70308 

50 

DPP-3-2 

Meniscus heights photo- 
graphed at constant 
temperature , but .vary- 
ing argon flows and 
pull speed. Also to 
measure ribbon stress. 

Five photos made. 
Ribbon is 120 cm long, 
0.14-0.19 mm thick in 
central region. 

Stress calculated to 
be 3 X 10^ dynes/cm^ 
by measuring split 
widths. Photos not 
sharp . 
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Run 

No. 


Dxe 

IWidth 
(mm) 


Die 
Material 


Experimental 

Variables 


70309 


38 


70310 


70311 


70312 


38 


50 


50 


70313 


50 


70314 


70401 


38 


50 


70402 


70403 


50 


50 


DPP-3-2 


DFP-3-2 


DPP-3-2 


DPP-3-2 


Ultra- 

carbon 

UT-44 


DFP-3-2 


DPP-3 -2 


DPP-3-2 


DFP-3-2 


Standard conditions, 
to grow ribbon for 
cutting experiments. 

Also increased argon 
flow from furnace bot- 
tom to avoid fogging 
of quartz furnace tube. 

Standard conditions, 
to grow ribbons for 
cutting experiments. 

New die 2PA-502. 


2P501 die (new) . 
Photograph of me- 
niscus directly (no 
water filter) . 

New die. New graphite 
material. Design 
2PA501 . 


Standard process to 
grow ribbon for cut- 
ting experiments. 

Evaluate thicker die 
top ( 1 . 3-mm edges , 
2-mm center) . 20-mm/ 

min growth speed. 

Repeat. 


Repeat, 


Results 


90 cm X .55 mm thick 
ribbon grown . No 
change in fogging. 


114 cmx .4 mmx 38 
mm .wide ribbon. 


None. Die not seated 
in holder . Flooded . 

Photos of meniscus 
much sharper without 
water filter. Good 
looking ribbon. 

Two short pieces of 
ribbon grown , but 
froze out. Die 
ruined . 

78-cm-long ribbon 
grown. 


27-cm ribbon. Very 
rough. 0,95 mm thick 
at edges/. 66 mm thick 
in center, 

1 1 0-cm-long ribbon 
grown, 0,39 mm thick 
in center. 

All growth attempts 
with this die have 
been easy to start. 
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Oil 50 


03 50 


Die 

Material 

Experimental 

Variables 

Results 

DFP-3-2 

Repeat. Die was 
splayed from previous 
run. Argon flow di- 
rected at front of 
furnace tube to avoid 
oxide build-up. 

Easy to start. 

Ill -cm-long ribbon 
grown. Quartz tube 
stayed clear through 
run. 

DFP-3-2 

Repeat. Splayed die 
closed again at growth 
temperature. Will 
pull crucible nearly 
empty for reuse. 

Crucible OK for reuse. 

DFP~3-2 

Reused crucible from 
previous run. Photo- 
graph meniscus with 
this 1 .3-mm to 
2-mm-thick die. 

Five photos made. 
Will be analyzed. 
64-cm-long ribbon 
grown. 

UT-44 

Evaluate new die ma- 
terial and design. 
Die is 0.82 ram thick 
at edges and 1.99 mm 
thick in middle. 

Top has 1.7-mm devi- 
ation from flatness. 

Meniscus photographed. 
Nice looking ribbon 35 
cm long x 50.1 mm wide 
X .55 ram thick at 
edges (.28 mm in 
middle) . 

UT-44 1 

i 

Repeat . 

Temperature lowered 
too far. Ribbon froze. 

UT-44 

Repeat, photograph 
meniscus at 20-mm/min 
growth speed . 

80 cm X 50 mm x .50 
mm thick ribbon. 3 
photos made. 

UT-44 

Repeat, more meniscus 
photographs . 

Five photos made. 110 
cm X 5 0 mm x . 4 mm 
thick ribbon. 
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Die Experimental 

Material Variables 


7041 1150 UT-44 


70412 50 UT-44 


Repeat, to explore 
faster pull speeds. 


Repeat, but at slow 
speed (18 mm/min) to 
see if dendritic sur- 
face morphology 
recurred . 



Attained speed of 40 
mm/min for a distance 
of 11 cm. Then froze. 
Dendritic surface 
morphology developed 
at fast speeds. Over- 
all length is 104 cm. 
Thickness- ranged from 
.30 to .15 mm (the 
latter at 40 mm/min) , 

No dendritic features. 
Ribbon is thicker 
(.48 mm) at slow 
speed . 


70413 50 


70414 50 


Sic/ Evaluate SiC-coated 
Graphite graphite die. 20-mm/ 
min growth speed. 



Sic/ 

Graphite 


Repeat at 26 mm/min. 


Sic/ 

Graphite 


Repeat. 


Sic/ Repeat, 20-mm/min 
Graphite speed . 


Very smooth reflective 
ribbon. Zero Sic parti- 
cle density. 82 cm x 
50 mm ribbon. .85 mm 
thick at edges/. 35 mm 
thick in center. 

Thinner ribbon (.65 
edge/. 27 center) 23 cm 
long. Again zero SiC 
density but ribbon 
has some morpholog- 
ical features in a 
thin central strip. 

Temperature lowered 
too far. Ribbon froze. 

62-cm-long ribbon. 
Thicker (.6-. 70 in 
center) . Two SiC 
particles on surface 
(density .006/cm2), 

Same rough features 
present as in run 
70414. 
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Run 

No. ( 

ie 

idth 

mm) 

Die 

Material 

Exper imental 
Variables 

Results 

70417 

50 

Sic/ 

Sraphite 

Repeat, 20-mm/min 
speed photograph 
meniscus. 

Very smooth, thin 
(.09-. 15 mm in 
central region) 
ribbon. Zero SiC 
particle density. 
Similar appearance 
to run 70413. 

70418 

50 

( 

Sic/ 

Jraphite 

Repeat of above. 

79-cm-long, smooth 
thin ribbon ( . 1 1 - . 1 8 
, mm in central region) . 
One particle (.003/cm2) 
on entire surface. 

70501 

50 

Sic/ 

Graphite 

Die material 
performance test. 
18 mm/min growth 
speed . 

60cm X 5cm x .32 to ,70mm 
ribbon. Zero SiC density. 

70502 

50 

Sic/ 

Graphitd 

Repeat. 

Ribbon pulled out upon 
reaching full width. Seed 
broke . 

70503 

50 

Sic/ 

Graphite 

Repeat. New thick 
susceptor. 

None, Could not seed. 

70504 

50 ! 

Sic/ 

Graphite 

Repeat, Added argon 
flow directed at 
backside of ribbon. 
20-25 mm/min growth 
speed . 

82cm X 5cm x 0.30 to 0.68mm 
ribbon. Zero SiC particles. 
Backside of ribbon clean, 
but now front side has oxide 
power coating. Seed was 
loose and ribbon shifted 
laterally several times. 

70505 

50 

Sic/ 

Graphite 

Repeat, but no argon 
flow to ribbon back- 
side. 16 mm/min, 
growth speed. 

76cm X 5cm x 0.37 to I.OOinm 
thick ribbon. 0.071 SiC 
particles per cm2 , susceptori 
broke during unloading. 

70506 

50 

Sic/ 

Graphite 

Repeat. Heat shields 
placed at edges of 
ribbon . New 
susceptor. 

Froze upon reaching full 
width . 
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Die 

Run Width 
No. (mm) 

Die 

Material 

- 

Experimental 

Variables 

Results 

70507 

50 

- ^ 

Sic/ 

Graphite 

Repeat . 1 9 mm/min , 

growth speed. 
Meniscus photos made, 
1,2cm X 2cm heat 
shields placed on 
susceptor rim near 
ribbon edges. 

61cm X 5cm x .25 to .55mm 
ribbon. Zero SiC density 

N 

70508 

50 

Sic/ 

Graphite 

Repeat, 16 mm/min, 
speed . 

31cm X 4.4cm x .95 to 1.2 
ribbon. 0.013 SiC par tic 
cm2, stress level 4.8 x 1 
dynes/ cm2. 

70509 

50 

/■ 

Sic/ 

Graphite 

Repeat. 

72cm X 4.7cm x .50 to 1.0 
ribbon. Difficult to rea- 
full width with shields. 
Sic density 0.002/cm2. 

70510 

50 

Sic/ 

Graphite 

Repeat. 

Froze at 19cm length. .0. 
Sic particles/cm2 . width = 
4. 3cm2 . 

70511 

50 

Sic/ 

Graphite 

Repeat, Heat 
shields at edges 
removed. 25 mm/min 
speed. 

120cm X 5cm x .16 to ,62mr 
ribbon. Zero SiC density. 

70512 

50 

Sic/ 

Graphite 

Repeat. 

Froze during seeding. 

70513 

50 

Sic/ 

Graphite 

Repeat, 18 mm/min. 
speed . 

120cm X 5cm x .30 to .88mn 
ribbon. .015 SiC particle 
cm2. Right side pulled out 
during seeding. 

70514 

50 

Sic/ 

Graphite 

Repeat . 

Could not achieve proper 
seeding conditions. 
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Die 

Run Width 
No. (mm) 

Die 

Material 

Experimental 

Variables 

Results 

70601 

50 

Sic/ 

Graphite 

Replaced upper and 
lower shields. 

They had warped. 
Growth speed 16mm/min. 

91cm X 5cm x , 4 0 to .6 8min 
ribbon. 0.13 SiC parti- 
cles /cm^ . Rough surface. 

70602 

50 

Sic/ 

Graphite 

Repeat (continuing 
long-term evaluation 
of die first used 
in run 70413) . 20 to 

30inm/min growth speed. 

121cm X 5cm x 0.18 to 0.63mm 
ribbon. 0.005 SiC parti- 
cles /cm‘. 

70603 

50 

Sic/ 

Graphite 

Repeat 0 17mm/min 
growth speed. 

Took meniscus photos. 

130cm X 5cm x 0.15 to 
0.7 9inm thick ribbon. 
0.002 Sic particles/cm^ . 

70604 

50 

Sic/ 

Repeat (continuation) 

Could not seed. 
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Appendix II. Dimensional Characteristics of Silicon Ribbons 

Grown Since Last Reporting Period 


Seed Usable Thickness' (mm) 

Ribbon Orientation Length Width (mm) Seed Tail 


Run No. 

Axis 

Surf 

(cm) 

Max 

Min 

Max 

Min 

Max 

Min 

70305 

110 

100 

114 

3 7.4 

37.1 

. 70 

. 36 

. 60 

. 28 

70306 

110 

100 

108 

49.7 

49.4 

. 73 

.38 

.64 

.20 

70307 

110 

100 

92 

49 . 5 

49.2 

. 55 

. 36 

. 60 

.35 

70308 

110 

100 

120 

49 . 5 

49 . 2 

. 50 

.19 

.48 

.14 

70309 

110 

100 

90 

37.6 

37.1 

. 75 

.55 

. 60 

. 52 

70310 

110 

100 

114 

38.1 

37.9 

. 62 

.42 

. 92 

. 33 

70312 

110 

100 

85 

49 . 2 

48.8 

.78 

.25 

1 . 08 

.40 

7031>+ 

110 

100 

78 

37 . 6 

36.5 

. 82 

. 60 

.56 

.45 

70401 

110 

100 

27 

49.1 

48 . 2 

. 85 

.75 

1 .02 

.58 

70402 

110 

100 

110 

50.2 

49.1 

.65 

.45 

1 .00 

. 33 

70403 

110 

100 

18 

48.7 

47.2 

. 90 

.82 

. 95 

.72 

70404 

110 

100 

111 

49.7 

48 . 6 

. 60 

.70 

. 64 

. 38 

70405 

110 

100 

51 

49.0 

48 . 5 

. 95 

. 82 

. 90 

.70 

70406 

110 

100 

64 

49.3 

48.7 

. 92 

.73 

. 42 

.32 

70407 

110 

100 

35 

50.5 

50.1 

. 50 

. 28 

. 60 

.28 

70409 

110 

100 

80 

50.4 

47.4 

. 52 

.40 

.70 

.50 

70410 

110 

100 

110 

50.5 

49.7 

. 61 

.40 

.52 

.42 

70411 

110 

100 

104 

50.5 

49.7 

. 21 

.15 

.17 

.15 

70412 

110 

100 

50 

4 9.8 

49.6 

. 65 

. 4 5 

. 52 

. 48 

70413 

110 

100 

82 

50.1 

48 . 6 — 

.80 

.37 

.92 

.32 

70414 

110 

100 

23 

4 9.3 

47.6 

. 65 

.35 

. 64 

.27 

70416 

110 

100 

62 

49.4 

46 . 9 

. 92 

.75 

. 92 

.57 

70417 

110 

100 

86 

49. 5 

49.4 

. 36 

. 15 

. 60 

.09 

70418 

110 

100 

79 

49.4 

47 . 0 

. 56 

. 11 

. 42 

.18 

70501 

110 

100 

60 

49. 6 

49.2 

. 52 

.35 

.70 

.32 

70504 

110 

100 

82 

49.4 

45.4 

. 68 

. 31 

. 65 

. 30 

70505 

110 

100 

76 

49.9 

46.7 

.84 

.43 

1 . 00 

.37 

70507 

110 

100 

61 

49.5 

47 . 4 

. 55 

.42 

. 37 

.25 

70508 

110 

100 

31 

44.6 

43 . 9 

1.10 

, 95 

1 . 20 

.95 

70509 

110 

100 

72 

47.7 

47 . 0 

. 96 

.72 

1 .04 

! 50 

70510 

110 

100 

19 

42.8 

42.1 

. 70 

.50 

. 95 

.72 

70511 

110 

100 

120 

49.9 

49.4 

. 60 

. 25 

. 62 

.16 

70513 

110 

100 

120 

49.8 

49 . 2 

. 88 

.42 

. 84 

. 30 

70601 

110 

100 

91 

50.5 

50.3 

.60 

! 40 

. 68 

i42 

70602 

110 

100 

121 

50.1 

49.8 

. 63 

.40 

. 60 

!i8 

70603 

110 

100 

130 

50.1 

49.6 

. 60 

. 22 

.79 

i 15 
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STRUCTURAL AND ELECTRICAL CHARACTERIZATION OF SILICON 
RIBBONS 

by 

K. Yang and G. H. Schwuttke 
1 . INTRODUCTION 

Silicon ribbons grown by the capillary action shaping 

technique have a unique defect structure. Typical for 

ribbons grown under steady state conditions are various 

amounts of linear and planar defects. Such defects 

( 1 ) 

influence solar cell efficiency to different degrees 
Previously it was shown that the total defect density in a 
ribbon section is not representative of its solar cell 
efficiency' , Thus, it was concluded that the electrical 
activity of crystal .defects in CAST ribbons can vary 
significantly , 

This report describes a study primarily concerned with the 
identification of electrically active crystal defects in 
CAST ribbons. First, the electrically active defects are 
identified through EBIC contrast in the scanning electron 
microscope . Subsequently, the crystallographic 
structure of a specific defect is analyzed through 
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transmission electron microscopy. Finally, its influence on 
minority carrier lifetime is determined through MOS C-t 
measurements . 

2 . ^^EASUREf^ENTS 


Based on electrical measurements and preliminary structural 
investigations, ribbon quality can be classified into four 
categories. This classification is shown in Table I. 

TABLE I. Classification of Ribbon Quality 


Class 

Lifetime 

Range 

(psec) 

— 

Solar Cell 
Efficiency* 
i%) 

Dominant Defects 

I 

1 to 10 

5 to 8 

First order (coherent) 
twins, stacking faults, 
dislocations below 
1 0‘*/cm^ , 

II 

0,01 to 1 

3 to 5 

Higher order twins, 
multiple stacking 
faults, low-angle grain 
boundaries, dislocations 
above lO^/cm^. 

III 

< 0.01 

1 to 3 

Grain boundaries,^ dis- 
locations above 10®/cm^. 

IV 

Not 

Measurable 

— 

Siliconcarbide dendrites 
on surface. 

mn 

10-500 

8 to i2 

None 

♦Measured 

without anti-reflection coating 
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Accordingly, the different ribbon quality groups are related 
to certain lifetime and solar cell efficiency ranges. 
Although this classification, was originally conceived 
phenomelogically, experience has shown that it presents a 
good guideline to solar cell efficiency obtainable from 
ribbon sections of certain perfection. The following 
investigations have produced results in support of this 
original classification. 

2 . 1 EXPERIMENTAL 

Examples of ribbon sections representing the different 
quality groups listed in Table I are shown in Fig. 1. MOS 
capacitors were fabricated on such ribbon sections, 24 mm x 
60 mm, or 50 ram x 60 mm ih■^ size. Normally, 36 capacitors 
of 1.5 mm diameter were placed on a section. In some cases, 
high density masks with 400 capacitors were used. The two 
masks are shown in Fig. 2. Subsequently, generation 
lifetime of each capacitor was measured using the MOS C-t 
technique. After the lifetime measurements, the EBIC image 
of the MOS capacitor was obtained in the SEM, as described 
in reference 2. Thus, the subsurface defect structure in 
the silicon was displayed and qualitative information about 
the electrical activity of the crystal defects under the MOS 
dot was obtained. After the SEM investigation, the Al MOS 
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a. Perfect crystal 

Lifetime: 825 fisec 









' ' 


b. Dislocations in boundary and in left crystal section 
Lifetime: 1.5 ^sec 
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c. Dislocations and active boundaries 
Lifetime: 0.145 fisec 


d. Dislocations and low-angle boundary 
Lifetime: 0.02 (xsec 


Fig. 


Defect pattern and 


lifetime distribution. 
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Fig. 2. (a) Low density and (b) high 

density MOS capacitor mask as 
used for the evaluation of 
lifetime for silicon ribbons. 
Dot size for both (a) and 
(b) is 1.5 mm. 
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dots and the Si 02 were stripped of the ribbon surface and 
some MOS areas were Sirtl etched to reveal the crystal 
defects under the MOS dot in the optical microscope. A 
comparison of EBIC picture and optical picture allowed one 
to differentiate between the electrically active and the 
non—active defects. However » most of the MOS capacitors 
were punched out after stripping Al and Si02 as 2 mm disks 
(not Sirtl etched) and processed for TEM investigations. 
Before TEM investigations, the corresponding EBIC image of 
the MOS capacitor was studied. Details were obtained about 
the defect state in the silicon under the MOS dot as well as 
information was obtained about the electrical activity of 
the defects in the silicon under the MOS dot. Subsequently, 
the defects were analyzed in the TEM. A good correlation 
between defect state, type of defect, its influence on 
generation lifetime, and its electrical activity was thus 
possible. 


2.2 RESULTS 

2.2.1 DEFECTS IN CLASS I RIBBONS 

The most obvious defects encountered under steady state 
growth conditions are linear boundaries which are visible in 
the ribbon surface even prior to etching. These boiindaries 
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tend to grow parallel to the ribbon edges. While the 
majority of these boundaries are twins or stacking faults, 
some of them are multiple stacking faults or low angle grain 
boundaries. The electrical activity of these boundaries 
depends on their crystallographic nature and can vary 
significantly. This is illustrated in Figs. 3. The EBIC 
picture of Fig. 3a shows that most of the linear, parallel 
boundaries displayed in the optical micrograph of Pig. 3b 
are electrically nonactive except those at positions 
indicated by F and L. The activity is moderate for 
boundaries at F but is strong for boundaries at position L. 

Figure 3c is an optical micrograph of area A indicated in 
Fig. 3b at higher magnification and shows that the nonactive 
boundaries are free of dislocation etch pits. TEM 
micrographs of this type of boundary are shown in Figs. 4a 
and 4b for ribbons of [Oil] and [211] surface orientation, 
respectively. These two surface orientations, especially 
the [Oil] are preferred orientations under steady state 
growth conditions. Twinning occurs in the (111) plane 
perpendicular to the [Oil] surface but inclined to the [211] 
surface. Using TEM image characteristics associated with 
twin boundaries and stacking faults the boundaries in Figs. 
4a and 4b are analyzed as first order (coherent) twin 
boundaries and stacking faults Dislocations in or 
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obiginalp^^ 
OF POOR QUAUI” 


a 



b 


Fig. 3. (a) EBIC micrograph showing 

that most of the linear, 
parallel boundaries dis- 
placed in the optical 
micrograph of (b) are 
electrically nonactive 
except for those at the 
position indicated by 
F and L. 
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c 


Fig. 3. (c) Area A of Fig. 3b at higher 

magnification. The nonactive 
boundaries are free of dis- 
location etch pits. Pits 
are observed along FI and F2. 


0^ 
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a 



a b 


TEM micrographs showing that the nonactive boundaries 
are either coherent twin boundaries or stacking faults, 
(a) (Oil) and (b) (211) surface orientation. 




Fig. 4 




between these nonactive boundaries, if any, are of very low 
density. There is only very weak electrical activity 
connected with such crystal areas. 

Electrical activity of dislocations depends on type, 
distribution, and density. It can vary from weak to strong. 
First, we discuss homogeneously distributed dislocations. 
An exeunple is seen in the EBIC image shown in Fig. 5a. The 
corresponding optical micrograph obtained after Sirtl 
etching is given in Figure 5b. A small area out of Fig. 5b 
is shown magnified in Fig. 5c. 

The electrical activity of dislocations can be described by 
the product of minority carrier lifetime (t) and dislocation 
density (N^^) . For the 60 degree dislocations in ribbons, we 
find experimentally that x t « 0.5 sec*cm“^. 

This would indicate that a dislocation density of 5 x 

c 2 

10 /cm results in a lifetime of 1 ysec. Thus dislocation 

c 2 

densities of up to 10^/cm are of relatively low electrical 
activity and acceptable in ribbon section. 

The crystallographic nature of such dislocations was 
investigated. TEM studies show that for ribbons of [011] 
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a 



b 


Fig. 5. 


(a) EBIC micrograph showing 
the electrical activity of 
dislocations. (b) The 
corresponding optical micro- 


graph obtained after Sirtl 


etching. 
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C 


Fig. 5. (c) A small area of 5 (b) at 

higher magnification showing 
dislocation etch pits. The 
dislocation density, Np, is 
about 1 X 10^ per cm^. 
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surface orientation, the dislocations are of the 60 degree 
type with Burgers vector either parallel or inclined to the 
ribbon surface. 

The dislocations are generated by stresses produced through 
the relatively large thermal gradients associated with the 
CAST growth technique. The density of dislocations (N^) 
resulting from thermal stress effects can be estimated 
according to: “ (a/a)*6AT where o = 5 x 10 is the 

expansion coefficient of Si, a = 5.42 x 10“® cm, is the 
lattice constant of Si, and SAT is the deviation from the 
average thermal gradient A T at the interface . The 

deviation from the average thermal gradient at the growth 
front is estimated to be approximately 100°C. This yields a 
dislocation density of approximately 10^/cm^, in good 
agreement with the density observed in the ribbons. 

Quite frequently a second type of dislocation arrangement 
occurs in CAST ribbons. Typical for this arrangement are 
dislocations piled up against twin boundaries in the slip 
directions. Such dislocation pile-ups lead to interesting 
interactions between twin boundaries and dislocations. As a 
result of this interaction, twin boundaries deteriorate and 
become electrically active. 

A TEM micrograph of suca a boundary section is shown in 
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Fig, 6 for a ribbon of [211] surface orientation. Figure 6 
shows that the slip dislocations pile-up against the linear 
boundary. In this area, the boundary degenerates into 
multiple overlapping faults. The structure of this boundary 
is remarkably different from the structure of nonactive 
twins and faults shown in Figs, 3a, 4a and 4b. The 
degeneration of this boundary is at least partially due to 
the Interaction with the slip dislocations. A mechcuiism for 
a possible reaction has been proposed by Friedel^^^: 
a/2[lT0] + a/b[Tl2] ♦ a/3[lTl] -► a/b[2lT] + a/6[0lT] 

This mechemism suggests that a slip dislocation with Burgers 
vector a/2 [110] in the (111) slip plane reacts with a twin 
dislocation .b = (a/6) [112] in the [111] twin pleme to form a 
Frank dislocation a/3 [lTl]. The Frank dislocation 
disassociates into a Shockley and a stair-rod dislocation. 
In Fig. 6, the straight dislocations (marked S) in the [011] 
direction is most likely a stair-rod dislocation. It should 
be noted that the slip dislocations located approximately in 
the [oil] or [101] directions are 60 degree dislocations; 
such dislocations are electrically active due to their 
dangling bond structure. Quite often different types of 
linear boundaries of moderate activity are also observed. 
An example is shown in Figs. 7. Upon Sirtl etching, such 
boundaries show a high density of dislocation etch pits. 
This can be seen in Fig, 7a. Note that the dislocation 
density between such boundaries in a grain is very low. A 
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Fig. 6. TEM micrograph showing dis- 
location piling-up against 
a twin boundary in the slip 
direction. 
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Fig. 7. (a) Optical micrograph showing that after Sirtl etching, 

linear boundaries of moderate activity reveal a high 
density of etch pits. (b) TEM micrograph showing that 
the boundaries in (a) consist of segments of stacking 
faults bounded by partial dislocations. 
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TEM micrograph showing these boundaries is given in Fig. 7b 
for a ribbon of [211] surface orientation. Fig. 7b 
indicates that the boundaries consist of segments of 
stacking faults bounded by partial dislocations. The 
bounding partials arrange in a <110> direction. It is 
evident that the etch pits observed after Sirtl etching 
result from the emergence of these partials at the ribbon 
surface. 

It also can be seen that the fringe contrast associated with 
these faults changes in two neighboring segments. The 
change in fault contrast is due to the change in fault 
nature. It changes from intrinsic to extrinsic or vice 
versa. An example is given in the bright-field and in the 
^^^^^■“fifild images of Figs. 7c and 7d, respectively. 
According to established constrast criteria the fault 
nature is intrinsic for segment I and extrinsic for segment 
* These types of stacking faults have been observed in 
deformed nickel by Murr^^L He considers a single intrinsic 
stacking fault as a one-layer twin with the twin boundaries 
characterized by intermixed regions of (h.c.p.) structure. 

An extrinsic stacking fault, (two overlapping instrinsic 
faults) is therefore a two-layer twin with contacting h.c.p. 
regions. in effect, N-stacking faults on every (111) plane 
form an N-layer twin. 
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showing that two neighboring segments of a fault are 
^iffsrent in nature. Segment I is extrinsic and 
segment II intrinsic. 


Therefore, the faults shown in Fig. 7b can be considered as 
multiple layers of overlapping twins. The intrinsic 
segments are one-layer twins, and the extrinsic segments are 
two-layer twins. The fringe contrast arising from a 
three-layer twin is relatively weak. 

" 2.2.2 DEFECTS IN CLASS II RIBBONS 

Ac ribbon quality degrades, dislocation bands and 
degenerated linear boundaries are the dominant defects in 
silicon ribbons. Such defects are strongly electrically 
active and are shown in Figs. 8a and 8b. It can be seen 
that boundaries at position L are much more active than the 
boundaries at position F. Fig. 8c is a high magnification 
of area A indicated in Fig. 8a, and shows differences in the 
etching characteristics of boundaries at positions L and F. 
While boundary F is revealed as a sharp line, conical etch 
pits are seen along the boundary L. Linear boundaries of 
such etching behavior are low-angle grain boundaries. This 
is supported by the following observation: Conical pits are 
also observed along such boundaries whenever they are etched 
from the backside as it is done for TEM specimen 
preparation. The etch pits are similar to the one observed 
along low-angle tilt boundaries in germanium . 
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Fig. 8. 



(a) EBIC micrograph showing that 
dislocation bands and degenerated 
linear boundaries are strongly 
electrically active. (b) The 
corresponding optical micrograph 
of (a). 
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Fig. 8. (c) Area A of Fig. 8 at highest mag- 

nification. Note differences in the 
etching characteristics of boundaries 
L and F. 
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The TEM micrograph of a low-angle grain boundary L for a 
ribbon of [Oil] surface orientation is shown in Fig. 9. The 
boiindary L as well as the twin planes T are in the (lTl) 
plane perpendicular to ribbon surface. The specimen was 
tilted into the {T 2 I} zone to display the dislocation 
structure in the boundary. Figure 9 shows that the boundary 
consists of parallel dislocation arrays in the <110> 
directions. The spacing between these dislocations ranges 
from 0.1 to 0.4 ym with an average spacing of 0.2 pm. Most 


of the dislocations are 

out 

of 1 

contrast for 

■ the 

[IIT] 

reflection 

in 

the 

{121} 

zone 

and 

also for 

the 

[13T] 

reflection 

in 

the 

{013} 

zone. 

Thus 

the Burgers 

vector, b. 


of these dislocations is a/2 [101]. 

The misorientation 0 between the grains A and B associated 
with the boundary can be measured directly from the 
diffraction pattern of a selected area (SAD) . This is done 
in the microscope by adjusting the surface normal of grain 
B, the [011] axis, almost parallel to the main beam as shown 
in Fig. 9. The misorientation between grains A and B is 
measured as the shift of the [011] axis with respect to the 
main beam. The SAD of grain A shows that the shift is 
approximately two [111] spacings in the [ITI] direction. 
From the Bragg equation, one [111] spacing corresponds to 
0.46 degrees for 200 Kev electrons. The misorientation is 
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Fig. 9. TEM micrograph showing dislocations associated with a 
low-angle grain boundary. The misorientation between 
grain A and B as measured from the shift of the qoo 

axis (0) with respect to the main beam (X) is about 0.92 
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therefore approximately 0.92 degrees. Thus, the boundary is 
a low angle tilt boundary with the rotation axis in the 
[211] direction. This direction is the growth direction. 
The misorientation, is only 0.22 degrees if calculated from 
the dislocation spacing D (taken as 0.2 ym) . However, it 
should be noted that in some cases, the shift of the surface 
normal is in the [OTi] direction rather than in the [lTl] 
direction. Thus, the boundary is not of the pure tilt type 
but is a mixture of a tilt and a twist boundary. 

Although areas of low dislocation densities have a 
negligible influence on the minority carrier lifetime high 
dislocation densities as present in dislocation clusters or 
bands (Fig. 8c) represent areas of strong electrical 
activity. Again, a Burgers vector analysis of the 
dislocations in such clusters was made. For the sample area 
shown in Fig. 8c, different TEM micrographs were recorded 
using different operating reflections (g) in the <01 1> and 
<112> zones. Examples of these micrographs are given in 
Fig. 10a through lOe. The results are summarized in Table 
II. 
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TEM micrographs for the determination of Burgers vectors of 
band dislocations. (a) 022, (b) 111, (c) 400 (d) 131 and 

(e) 311 reflection. 



Fig. 10. 




TABLE II. Burgers Vector Analysis of Dislocation 
Bands 


Disloca- 
tion No. 

g 

for Dislocation 
Invisibility 

Burgers 

Vector 

b 

Dislocation 

Direction 

1 

1lT, 13T 

a/ 2 

[101] 

[110] 

2 

400, 3TT 

a/2 

[OlT] 

[110] 

3 

11T, 13T 

a/2 

[101] 


4 

400, TTT 

a/2 

[OlT] 


5 

400, TTT 

a/2 

[OlT] 



Accordingly, the dislocations have Burgers vectors of the 
a/2 <11 0> type, either parallel or inclined to the (Oil) 
ribbon surface. 

There are two groups of dislocations distinctly different in 
their line directions. One group, dislocations #1, 2 and 3, 
in Table II is inclined to the surface and the other, 
dislocation #5 in Table II is nearly parallel to the surface 
in the [211] growth direction. Both groups have similar 
Burgers vectors. Stereomicrographs reveal that the inclined 
dislocations tend to stay in a <11 0> direction whenever they 
are in the neighborhood of a linear boundary. Their 
orientation becomes ill-defined when they move away from the 
boundary. An example of such inclined dislocations present 
in a relatively small grain of several microns in size and 
bounded by two linear boundaries is shown in Fig. 11. 
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The long dislocations with line directions directed into the 
gro\'Tth direction are observed at a relatively large distance 
from a linear boundary. Fig. 12a shows such long 
dislocations. The Burgers vectors of these dislocations is 
either a/2 [OlT] or a/2 [101], and is the same as found for 
the inclined dislocations (Fig. 11). The formation of these 
dislocations is observed independent of surface orientation. 
Another example of long dislocations for the [211] surface 
orientation, is shown in Fig. 12b. This type of long 
dislocation directed along the growth direction has also 

(7) 

been observed in silicon web-dendrite crystals . In 
dendrites, their occurrence is stress induced and is the 
result of liquid entrapment in the dendrite-fillet region. 
The similarity of such dislocations in web-dendrite and in 
CAST ribbons is shown in the >:-ray topographs of Figs. 13a 
and 13b. Both have the sam.e Burgers vector. 

In most cases, the dislocations assume an intermediate 
structure between these two groups of dislocations. A 
stable configuration is formed through interaction of 
dislocations v;ith different Burgers vectors. Such 
configurations are shown in Fig. 14a and 14b. Quite often, 
triple nodes are observed which form according to the 
reaction; (a/2) [011] + (a/2) [101] -*• (a/2) [110]. This 

reaction results in a reduction of half the dislocation 
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Fig. 11. TEM micrographs showing arrays of inclined 
dislocations in a grain bounded by two 
linear boundaries. 
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Fig. 12, TEM micrographs showing dislocations lying nearly 
parallel to the ribbon surface and running in the 
ribbon growth direction in ribbons of (a) (Oil) 
and (b) (211) surface orientation. 
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Fig. 13. X-ray topographs showing that 
dislocations tend to align in 
the growth direction in (a) 
web-dendritic crystals and in 
(b) CAST ribbons. 
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formed through interaction of dislocations 
with different Burgers vectors. 



I 



energy. The resultant segments, with Burgers vector b = a/2 
[110], are in the [110] direction. Thus, they are 90 degree 
dislocations with the unfavorable (001) slip plane. The 
movement of dislocations of type #5 in Table II is retarded 
through this reaction. 

The misorientation of the grains across the boundaries and 
the detailed structure of such boundaries as shown in Figs. 
8 through 11 were also investigated. The misorientation 
ranges in general from 0.5 to 1 degree off the [lTl] 
direction. A typical structure of such a boundary as viewed 
from a [211] projection is shown in Figs. 15a and 15b. 
These boundaries consist of multiple overlapping layers of 
stacking faults or twins. Note that quite often they act as 
dislocation sources. While one end of a dislocation is 
emitted from a boundary. Fig. 15a, the other end is still 
pinned at the boundary. This suggests that the emission of a 
dislocation may result from the defaulting or from the 
detwinning of such a boundary. The formation of dislocation 
loops and dislocation lines as a result of such defaulting 
processes can also be clearly seen in Fig. 15b. Figure 15c 
shows that one dislocation loop and two dislocation segments 
are about to be emitted from a linear boundary. 
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Fig. 15. TEM micrographs showing that (a) a dislocation segment, 
(b) dislocation segments and loops and (c) one loop and 
two segments as indicated by arrows are about to be 
emitted from a linear boundary. 
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2.2.3 


DEFECTS IN CLASS III RIBBONS 


As ribbon quality continues to degrade, grain boundaries as 
well as other active defects become more predominant. Grain 
bovindaries show strong electrical activity as shown in Figs. 
16a,b and 17a,b. Figs. 16c and 17c show also that a high 
etch-pit density is typical for dislocation bands. However, 
close to the grain boundaries the dislocation density is 
relatively low. The structure of the grain boundaries 
obtained after chemical etching (Fig. 16c) appears similar 
to that of the low-angle grain boundaries, shown in Fig. 8c 
at positions L. As shown later by TEM analysis grain 
boundaries contain a high density of closely spaced 
dislocations. The strong electrical activity of grain 
boundaries arises from such dislocations. Grain boundary 
dislocations in silicon ribbons are not revealed by chemical 
etching. 

The electrical activity of various crystal defects ranging 
from nonactive parallel twins to strongly active dislocation 
bcmds and grain boundaries is again illustrated in Figs. 
17a, b. 

Grain boundaries are the result of non-accommodation of 
two crystal lattices at the intersection of two crystal 
grains. Under steady-state growth conditions, silicon 
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Fig. 16. (a) EBIC micrograph showing 

that grain boundaries and dis- 
location bands are strongly 
electrically active. (b) The 
corresponding optical micro- 
graph of (a) . 
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Fig. 16. 



(c) Area A marked, in Fig. 16b at higher 
magnification. Note a high density of 
dislocation etch pits. 
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Fig. 17. (a) EBIC micrograph showing 

electrical activity of grain 
boundaries at position "L" . 

(b) Optical micrograph corres- 
ponding to (a) . 
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^Fig. 17. 

-I 
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(c) Area A in Fig. 17b at higher 
magnification shows high etch-pit 
density in dislocation bands. Note 
relatively low density close to 
grain boundaries. Note etch pits 
in boundaries at positions L. 
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ribbons assume a preferred surface orientation of [0111 or 
[211]. These orientations tend to minimize surface energy. 
In addition, the occurrence of [211] surface orientation can 
also result from the twinning of [011] ribbons. Quite 
often, grain boundaries form when ribbon crystals of such 
preferred orientations meet. Two types of boundaries are 
thus obtained. One appears to be a zigzag boundary with a 
high density of dislocations piled up against the boundary. 
The optical micrograph of this type is shown in Pig. 18a. 
TEM micrographs of such boxindaries are shown in Figs. 18b,c. 
In the TEM micrographs a dislocation pile-up is evident on 
both sides of the boundary. The boundary itself contains 
closely-spaced dislocations. The spacing between the 
dislocations is approximately 0.1 to 0.2 ym. The formation 
of such boundaries gives rise to a surface step. As a 
result, TEM specimens prepared from such boundaries show a 
change in thickness across the boundary. The change in 
thickness is evident in Figs. 18b,c., because it changes the 
transmittance of the electron beam. The thicker crystal 
section appears dark in the micrograph. 

Another type of grain boundary is formed at the intersection 
of <01 1> and <21 1> grains and is shown in Fig. 19a. This 
boundary is straight and the grains on both sides contain 
parallel faults. The fault density in the [011] grain is 
higher than it is in the [T21] grain. The linear faults in 
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Fig. 18. 



(a) Optical micrograph showing a 
zigzag boundary with a high density 
of dislocations piled up against 
the boundary. Dislocations left 
of boundary not revealed by 
etching. 
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Fig. 18. (b) and (c) are TEM micrographs showing dislocation pileup on 

both sides of a grain boundary. Due to a change in thickness 
across the boundary, (b) and (c) were taken with different 
expo sure t ime s . 





the [011] grain are in the (111) plane perpendicular to the 
surface and run in the [211] direction (Figs. 19a,b). The 
faults in the [121] grain are in the inclined (111) pleme 
and are in the [123] direction. The grain boundary is in 
the [322] direction of the [011] grain or in the [3?5] 
direction of the (121) grain. Thus the boundary direction 
makes an angle of 10.7 degrees or 8.05 degrees with the 
fault direction of the two grains, respectively. Figure 19a 
shows that this angle is about 9 degrees in both grains. 
From such data, it is deduced that the grain boundary is in 
the ( 2 T 2 ) pl 2 me of the [121] grain. This indicates that 
both grains have a common (122) boundary plane with a 
misorientation between the (2T2) plane and the (TT2) plane. 
This boundary pl 2 me makes an angle of 76.3 degrees with the 
(011) surface or 74.2 degrees with the (T21) surface. This 
indicates that both grains must tilt around the boundary 
direction by 2.1 degrees, such that the boundary plane can 
satisfy the crystallographic conditions described. Figure 
19b recorded with the g-vector [202] shows that the boundary 
contains meiny "ledges". Ledges are defined at the end of 
the next paragraph. It is interesting to note that the 
faults typical for each grain do not intersect the grain 
boundary. Apparently, there is a repulsive force active 
preventing such cm interaction. 

A "ledge" structure is observed in nearly all straight 
portions of a grain boundary independent of the 
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Fig. 19. (a) Optical micrograph showing a grain boundary formed at 

the intersection of the [Oil] and the [T21] grains. (b) TEM 
micrograph showing that the boundary contains many ledges. 
The ledges in the boundary and the fault were revealed by 
tilting the {011} grain to the {T21} zone. 
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crystallographic plane it occupies. Figures 20a,b show that 
the ledge contrast arises from the (1lT) grain boundary of a 
(211) grain. The micrographs in Figs. 20a, b were taken with 
g-vectors (TlIJ and [270]. With the [270] reflection, 
obtained by tilting the specimen towards the [111] zone 
axis, the ledge contrast disappears and dislocation contrast 
can be recognized. It is evident that not all "ledges" are 
dislocations. A similar ledge structure has been observed 
in grain boundaries of stainless steel Murr, et al,^^^ 
Interpreted such grain boundary ledges as a result of 
adjustment or of shuffling of the crystal pleuies forming the 
boundary. Shuffling of crystal planes is necessary to give 
rise to coincident lattice sites or boundary positions re- 
sulting into a lower energy configuration. 

Grain boundaries formed by two grains — one of low index 
orientation and the other of high- index orientation are also 
frequently observed. Such grain boundaries contain many 
dislocations. Figure 21 shows such a boundary fomed by 
grains A, B, emd C. As determined from Klkuchl patterns, 
the surface orientations of the grains marked A, B, C, are 
[011], [737], and [773], respectively. The dislocation 

spacing in the boundary varies from 0.1 to 0.2 pm. As the 
spacing decreases, the dislocations progress from curved 
lines to straight, parallel lines. These straight 

dislocations finally pile up at the intersections formed by 
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Fig. 20. TEM micrograph showing that the ledges lying in the ^111) 
plane of a (211) grain are (a) in contrast with g = 1 1 1 f 
and (b) out of contrast with g = 220 by tilting the grain 
toward the (111) zone . 
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the grain boundary G and boundaries 82 ^ and T, This 
indicates that such intersections act as a barrier for the 
movement of these dislocations. The parallel boundaries, 
and 82 , are stacking faults, boundary T is a twin boundary 
as determined from the contrast of the outer fringes. It 
should be noted that the dislocation contrast appears to be 
dark when grain C is the strongly diffracting grain, (Pig. 
21a). The contrast reverses for opposite g vector. This 
contrast reversal is not observed when grain A acts as the 
strongly diffracting grain. According to McDonald and 

( 9 ) 

Ardell , such a contrast reversal occurs only in the grain 
boundary which lies in the lower surface of the strongly 
diffracting grain. Therefore, the boundary G lies in the 
lower surface of grain C or the upper surface of grain A. 

The strong activity of grain boundaries is tied to the low 
density of coincidence lattice sites available in such 
boundaries. in order to lower the boundary energy, lattice 
bonds at the boundaries must rearrange themselves. This 
leads to bond distortion and, as a result gives rise to a 
high density of dislocations or ledges. These dislocations 
and/or ledges act as strong recombination centers and cause 
the strong electrical activity of the fault. 
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Fig. 21, TEM micrograph showing a grain boundary (g) formed 
by the (Oil) grain (A) and the (?73) grain (C) . 

The boundary contains a high density of dislocations, 
and S 2 are stacking faults, T is twin boundary. 
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2.2.4 > DEFECTS IN CLASS IV RIBBONS 


Silicon Carbide Dendrites £uid Inclusions 

Silicon carbide inclusions lead to the formation of various 
kinds of grain boundaries. These bovmdaries can be twin 
boundaries, low-angle emd/or high-angle grain boundaries. 

An example of a SiC inclusion and its result on ribbon 
perfection is shown in Fig. 22a. In these figures, the 
Inclusion is indicated at position I. As determined from 
the Klkuchi patterns shown in Figs. 22b, c, the surface 
orientation for grain A, is [211]. For grain B it is [255]. 

The boundary, B^, in the [OlTj direction, is a twin boundary 
with the (111) twin plane inclined 19.5 degrees to the 
surface of both grains. The surface orientation of grains C 
and D is about 1 degree off the [211] orientation of grain 
A. Thus, the boundaries, B^ and B^jj , represent a low- angle 
grain boundary. The boundaries, B„ and B are high-angle 
grain boxindaries. Such boundaries are not in fixed position 
relative to the lattice but tend to rotate during the growth 
of the ribbon. The rotation is accomplished by the 
generation of ledges and dislocations in the boundary plane. 

3.0 DISCUSSION and CONCLUSIONS 

The investigations presented leave no doubt that lifetime of 

i - - 
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a 

Fig. 22. (a) TEM micrographs showing that the inclusion 

of a Sic particle leads to the formation of various 
kinds of grain boundaries. 
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Fig. 22. (b) Electron diffraction pattern of grain A and 

(c) of grain B. 
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minority carriers and thus efficiency of solar cells is 
influenced to various degrees by crystal defects. This 
decrease in lifetime is essentially due to dislocations 
which can be present in densities larger than lO^/cm^ either 
in dislocation clusters or in low and large angle grain 
boundaries. The lifetime problem is obviously compounded 
through chemical impurities which may be present 
preferentially along the dislocations. In this context it 
is of interest to know how carbon influences lifetime in 
silicon. To the best of our knowledge no information is 
available on this subject. However, it is known that carbon 
is incorporated substitutionally into silicon and thus leads 
to lattice constriction. An immediate result of this 
lattice constriction is "twinning" to relieve lattice 
strain. Twinning occurs profusely in CAST ribbons grown 
with carbon dies and presently we know of no way to 
eliminate it. 

The electrical activity of the various defects observed in 
CAST ribbons is summarized in Table III. Accordingly, we 
differentiate between three groups of defects. In group I 
the defects are strongly active, in group II they are 
moderately active and the defects in group III are 
practically electrically non-active. 
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TABLE III. 


Electrical Activity of Crystal Defects 
in Ribbons 


Group I 

strongly Active 

Group II 

Moderately Active 

Group III 
Nonactive 

Silicon carbide 
dendrites and 
inclusions 

Multiple over- 
lapping stacking 
faults 

First order 
(coherent) 
Twxns 

Grain boundaries 

Grown- in 
dislocations 

Stacking 

Faults 

Degenerated Twins, 
low- angle 
boundaries 



Dislocation bands 




If CAST ribbons are ever going to be a major contender in 
the race of low cost silicon for high efficiency 
photovoltaic energy conversion one must learn how to achieve 
"controlled" ribbon growth leading to the elimination of at 
least group I defects. By controlled ribbon growth we 
mean; 


1 . 

2 . 

3 . 

4 . 

5 . 


Control 

Control 

Control 

Control 

Control 


of the seeding phase 
of the surface orientation 
of carbon in solution 
of silicon carbide formation 
of impurities in ribbons 
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The subjects listed under 1 through 5 are obviously die 
dependent. Unfortunately, the most promising die material 
used so far is carbon or carbon coated with silicon carbide. 

Considerable progress in ribbon perfection could be made 
through achieving control of seeding and thus control of 
surface orientation. So far, surface orientation of 
ribbons, even if obtained under steady state growth 
conditions, is at best fortuitous. 

To obtain ribbon of controlled surface orientation must be a 
major goal of all future work in ribbon growth . Otherwise, 
we see little hope to eliminate grain boundaries and 
dislocation clusters during ribbon growth. 


The reduction or total elimination of SiC particles is also 
an important goal of future ribbon growth development. Here 
we have made considerable progress. In this context clever 
die design leading to the high melt meniscus technique and 
the use of silicon carbide coated dies are helpful factors. 

In conclusion we feel that ribbon growth through capillary 
action shaping remains a -redoubtable task if it has to 
compete with the perfection level of Czochralski, Float 
Zone, or even web-dendrite crystals. Nevertheless, the 
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technique has an excellent potential, and *' one " future 
breakthrough — most likely in the die material — could tip the 
balance in favor of CAST or similar techniques. 

4 . 0 SUfiMARY 


Electrically active defects in CAST ribbons are identified 
as silicon carbide inclusions, high and low angle grain 
boundaries and high order twin boundaries , multiple stacking 
faults, dislocation bands and dislocations. 

The electrical activity of grown-in dislocations due to 
their low density is only moderate. Grown-in dislocations 
are generated by thermal gradients associated with the 
growth technique. Their density varies from 3 x 10^ to 5 x 
1 0 per cm“^ . 

Dislocation bands with densities larger than 10® 
dislocation/cm are strongly active. They consist of two 
groups of dislocations. One group is inclined towards the 
ribbon surface, while the other is almost parallel to ribbon 
surface in the growth direction. Both groups of 
dislocations have the same type of Burgers vectors, a/2 
[oil] and/or a/2 [101]. Dislocation networks are formed 
through the interaction of the two dislocations which leads 
to the formation of 90 degree dislocations. 
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Grain boundaries are strongly active. Their formation 
results mainly from foreign inclusions such as silicon 
carbide or from . non-accommodation of crystal lattice 
planes during twinning. Such non-accommodation of crystal 
lattices occurs when two crystals of different preferred 
orientation, such as 1011] and [211] orientations, join. 
The boundaries contain dislocations and/or ledges which are 
spaced approximately 0.1 ym apart. 

First order (coherent) twins and stacking faults are 
nonactive. Their electrical activity increases as they 
degenerate into multiple overlapping faults and low-angle 
boundaries. The low-angle boundaries contain a high density 
of dislocations. The dislocation spacing ranges from 0.1 to 
0.4 ym with an average of 0.2 ym. Degenerated twins act as 
dislocation sources. 
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SIMULATED COMPARISON BETWEEN CZOCHRALSKI AND FLOAT- ZONE 


MATERIAL THROUGHPUT 


by 


A. Kran, T. P, Ciszek and G. H. Schvmttke 
1 . 0 INTRODUCTION 

There is little doubt that the ERDA programs on low-cost 
silicon solar cells and similar programs in other parts of 
the world are already impacting our present technologies to 
produce polysilicon and single crystal silicon. Presently, 
it is still an open question whether directly produced films 
or ribbons will be able to compete with conventional bulk 
material obtained from the large diameter Czochralski 
crystal . 

In this context it is interesting to note that Float Zone 
material is never mentioned as a contender for low cost bulk 
material. Nevertheless, FZ crystals are already available 
up to 5 inches in diameter. The balance .between advantages 
and drawbacks of the two basic growth methods (CZ and FZ) is 
mainly application, not economics, dependent. For solar 
cells, FZ material has the potential to yield solar cells of 
better efficiency as compared to those fabricated from CZ 
crystals. 
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Therefore, it is important to compare the capabilities of 
these two basic growth techniques for ^ converting 
polycrystalline silicon into ingots of single-crystal 
material. A computer program simulates the potential weekly 
throughput of ingots. Processing parameters used are 
identical except for the values of the following parameters, 
which are peculiar to the crystal-growth technique: growth 
rate, crystal length, equipment setup and cool-down time, 
and the time required to melt the polycrystalline material. 

2.0 EXAMPLES OF OUTPUT FROM COflPUTER PROGRAM 


The following provides an example of the method used by the 
computer program for calculating crystal ingot throughput, 
and should be reviewed in conjunction with Table I . 

For simplicity's sake, assume a 24-hour-a-day, seven-day 
work-week operation, a maximum crystal length of 100 cm, and 
a growth rate of 10 cm/hr. Hence we can grow one crystal 
every ten’ hours. Further assuming a setup time for each 
run of two hours and a crucible heat-up time of one hour, 
the first crystal will be grown Monday after 13 hours of 
operation. Three hours later we are ready to start the next 
run, whichi will be completed after the first two hours on 
Tuesday. Accordingly, we had two crystal starts on Monday, 
with a workday consisting of four hours of setup time, 2 

^ - t 

hours of crucible heat-up time, and 18 hours of crystal 
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TABLE I. Algorithm for Analyzing Crystal Production 



Number 

of Cry£ 

itals Pulled per Week 

and Tim 

e Distribution 


Mon. 

1 Tue, 

Wed. 

Thu. 

Fri. 

Sat. 

Sun. 

Total 

Workday, Hours; 

24.00 

24.00 

24.00 

24.00 

24.00 

24.00 

24.00 

168.00 

No. of Crystal 
starts 

2.00 

2.00 

2.00 

2.00 

2.00 

1.00 

1.00 

12.00 

Last XTL, 55 of Max 

• 






0.90 

0.90 

Daily setup time, 
hrs 

4.00 

4.00 

4.00 

4.00 

4.00 

3.00 

3.00 

2^.00 

Crucible heatup, 
hrs 

2-. 00 

2.00 

2.00 

2.00 

2.00 

, 

, 1.00 

1.00 

> 

13.00 

Crystal pulling, 
hrs 

18.00 

18.00 

18.00 

18.00 

’ 18.00 

20.00 

19.00 

129.00 

Rem Unprod time, 
hrs 









Total Time, 
Hours 

24.00 

2 : 4.00 

24.00 

24.00 

24.00 

24.00 

24.00 

168.00 
















pulling time, a ~total of 24 hours. There is no wasted time 
in this case, since there is no termination of effort at the 
end of the workday, as there would be in a 16-hour work-day, 
for example. 

On Tuesday, we also have two crystal starts, but we will not 
complete the second start until after four hours into 
Wednesday. On Wednesday we have a similar situation, but 
now ;require six hours of Thursday to complete Wednesday's 
second start. An additional two hour time shift, from six 
to eight hours, occurs on Thursday, and then completes the 
cycle by Friday, In other words, we complete setup and 
complete that run before the only start of the day occurs. 
One hour remains of Saturday to complete half of the setup 
for Sunday. During Sunday we make one complete run, and 
then have enough time for setup, heatup, and complete 
growing of 90?J of the next crystal, giving us 1.9 crystals 
grown during that day. 

2.1 Discussion of Material Processing Parameters 

The study, through computer simulation, compares weekly 
throughput of 10-, 12-, and 1 5-cm-diameter Czochralski (CZO) 
and float-zone (F3) ingots. Six cases (three each) are 
presented for two modes of factory operation: seven days. 
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24 hours per day and five days, 16 hours per day. For CZO 
technology, projections from previous reports {e.g., 
Quarterly Technical Progress Report Number 7, p. 43) are 
used. Futuire FZ technology is more difficult to predict 
because industry-wide manlifacturifig experience, as compared 
to CZO, is presently limited. A number of data points, 
however, are available. For instance, we know that several 
years back, 5.5 cm diameter FZ material was grown at 24 
cm/hr, or 43^ of theoretical 'maximum growth rate. FZ wafers 
up to 10 cm diameter are available today. 15 cm diameter 
capability exists at Wacker-. 

Accordingly, we have prepared three FZ technology 
projections (Table II) , and chosen to use the most 
optimistic (last column) as the basis for this analysis. We 
project that technology can “be developed to achieve a 24 
cm/hr growth rate for 15 cm diameter crystals, the same as 
is practical for smaller diameter ingots. We recognize that 
this may require new ideas in equiment development so that 
problems, specifically created by rapid FZ growth, may be 
overcome. For instance, techniques must be found to more 
effectively remove the heat of fusion from the molten zone. 

Increasing crystal diameter to 12 and then 15 cm, while 
holding actual growth rate constant at 24 cm/hr is an 
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TABLE II. Czochralski S Float Zone Technology Projection Matrix 


Crystal 
Dia. ,cm 

i Czochralski 


Float-Zone 
— ■ ■ 

= 





Proiection 1 1 


! Pro_iectxQn^ — 



Actual 

Theor. 

S 

fActualT 

Theor. 

S 

Actual 

'Theor . 

S 

Actual 

Theor. 

S 


Gr .Rt. 

Gr.Rt. 

T 

Gr.Rt 

* 

Gr.Rt 

T 

Gr.Rt. 

Gr.Rt. 

T 

Gr.Rt. 

Gr • Kt^ • 

T 


cm/hr 

% of Max 

A 

cm/hr 


% of Max 

A 

cm/hr 

X of Max 

A 

cm/hr 

% of Max 

A 




T 




T 



T 



T 




0 




U 



U 



U 


' 


S 




S 



S 



S 

5.0 

10.00 

19 

A 

24.00 


43 

A 

24.00 

43 

A 

24,0 

43 

A 

10.0 

9.83 

25 

A 

9.83 


25 

A 

15.73 

40 

C 

24.0 

61 

0 

12.0 

14.30 

40 

C 

14.30 


40 

C 

16.15 

45 

C 

24.0 

67 

O 

15.0 

— 

12.80 

40 

0* 

12.80 


40 

0* 

16.05 

50 

0 

24.0 

75 

0 


LEGEND: 


A - Achieved 

c - Conservative P.rojection 
O - Optimistic Projection 
♦ - Activity & Capability 
Exists at Wacker 





optimistic assumption, since it forecasts a 75% advance 
towards achieving, the calculated maximum growth rate (from 43% 
for 5.5 cm diameter to 75% of maximum growth rate for 1 5 cm 
diameter crystals) . However, it does not appear that much 
different from CZO, considering that CZO technology is 
commonly expected to increase from 25% to 40% of maximum 
growth rate, v^hich represents a jump of 60%. The parameters 
discussed so far are listed rn Table II. 

Even though FZ ingots are inherently not easier to support 
than CZO ingots during the crystallization cycle, they are 
generally considerably longer. This fact is expected to 
remain true for the projected 12-15 cm diameter crystals. 
Accordingly, a crystal length of 75 cm for CZO and 150 cm 
for FZ was used throughout the study. Wacker has actually 
produced such long FZ crystal of up to 100 mm diameter. 

Machine-availability time to grow crystal is reduced, in 
addition to random machine failure, by the time required to 

set up the crystal grower for the next run. This includes 

time to cool down the current run and such routine tasks as 
cleaning* the puller and installing the next charge. The 
time required to perform these functions is estimated at 2 
hours for CZO and 1 ^our for FZ. Melting the polysilicon 

takes about 2.5 hours for CZO and 0.5 hour for FZ, because 

the latter technique, as the name implies, requires the 
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melting of \only a narrow zone at a time. The other 
parameters are listed at the beginning of each of the 12 
figures discussed next. 

3.0 RESULTS OF STUDY 


The results of this study are grouped into 12 figures as 
follows; 

Seven-Day Week, 24-Hour-per-Day Operation 

Fig. 1. Czochralski Technology - 1 0-cm diameter 

o List of Variables 

o Crystal Pulling Results 

o Number of Crystals Pulled and Time 

Distribution 

o Number of Crystals Pulled and Percentage 

Time Distribution 

Fig. 2. Float-Zone Technology - 10-cm diameter 
o (same as above) 

Fig. 3. Czochralski Technology - 1 2-cm diameter 
(same as above) 
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Fig» 4. Float-Zone Technology - 12-cm diameter 
(same as above) 

Fig. 5, Czochralski Technology - 15-cm diameter 
(same as above) 


Fig. 6. 


Float-Zone Technology - 15-cm diameter 
(same as above) 


Five-Day Week, 1 6-Hour-per-Day Operation 
Figs. 7-12 (same as above) 

In general, factory working hour s are established by 
management on a one-, two-, or three-shift basis with 
specified start-stop times. Production scheduling is built 
around these hours. For this study, two modes of operation 
were chosen: seven-day around-the-clock and five-days, 16 
hours per day. No special consideration was given to such 
items as compatibility between working hours and machine 
cycle time, resulting (by accident) in excessive machine 
idle time for CZO during the second mode of operation. This 
can be seen, for example, in Fig. 7. Specified 
processing parameters are such that only one crystal start 
per day is possible, and a number of hours remain at the end 
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24.0 

24.0 

166.0 

2.0 

2.0 

1.8 

13.6 

4.5 
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1.3 

10.3 

9967 
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9967 

6.9 

8565 

5.9 

66368 
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ZUlx 
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£SZ* 

Sdl* 

SUtf* 

lUML 
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24.0 

24.0 

24.0 

24.0 

24.0 

24.0 
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ko .OF CRYSTAL STARTS 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

1.0 

13.0 

LAST XTL ,PRTN OF MAX 







0.8 

0.6 

DAILY SETUP TTMEaHRS 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

26.0 

CRUCIBLE HEAT-UP pHRS 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

35.0 

CRYSTAL PULLING, HRS 
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15.0 

15.0 

15.0 

15.0 

15.0 

15.0 

15.0 

105.0 

TOTAL TIME, HOURS 
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24.0 

24.0 

24.0 

24.0 

24.0 
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24.0 

24.0 

24.0 

24.0 

24.0 

24.0 

166.0 

NO OF CRYSTAL STARTS 
LAST XTL, PCT OF MAX 

2.0 
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2.0 

2.0 

2.0 

2.0 

1.0 

0.6 

13.0 

0.8 

DAILY SETUP TIMEtPCT 
CRUCIBLE HEAT-UP,PCT 
CRYSTAL PULLING, PCT 
REM UNPROD TIME, PCT 

16.7 

20.6 

62.5 

16.7 

20.8 
62.5 

16.7 

20.8 
62.5 

16.7 

20.6 

62.5 

16.7 

20.8 
62.5 

16.7 

20.6 

62.5 

16.7 

20.6 

62.5 

16.7 

20.8 
62.5 

TOTAL TIME, PERCENT 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 


Fig. 1. Czochralski technology: 1 0 -cm-diameter , 

3-shift operation. 
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Pig. 2. Float-zone technology: 1 O-cm-diameter , 

3-shift operation. 
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Fig. 3. Czochralski technology: 12-cm-diameter , 

3-shift operation. 
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3.0 

3.0 

2.0 

0.6 
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0.6 

3.0 

1.5 

19.5 

3.0 

1.5 

19.5 

3.0 

1.5 

19.5 

22.0 

11.0 

135.0 

24.0 

24.0 

24.0 
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iUH* 

IQIdL 
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24.0 

24.0 

24.0 

24.0 

24.0 

24.0 

24.0 

168.0 

NO OF CRYSTAL STARTS 

3.0 

4.0 

3.0 

3.0 

3.0 

3.0 

2.0 

21.0 
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0.6 

0.6 

DAILY $£TUP TIMEbPCT 

15.6 

13.5 

12.5 

12.5 

12.5 

12.5 

12.5 

13.1 

CRUCIBLE HEAT-UPbPCT 

6.3 

8.3 

6.3 

6.3 

6.3 

6.3 

6.3 

6.5 

CRYSTAL PULLING A PCT 
REN UNPROD TINEa PCT 

78.1 

70.1 

01.2 

81.2 

81.2 

81.2 

81.2 

80.4 

TOTAL TIMEa percent 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100. 0 

100.0 


Pig. 4. Float-zone technology; 

— e'K n -P4- 


1 2-cm-diameter , 
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QZQSmLS&l Igcmi^ui 

CRYSTAL DIANETER (D),CH « 15 

SEED AND TAIL CONES* ANGLE UITH C/L» DEGREES lAU 30 
GROUTH RATE W2),CI1/NRi 12.8 ^ 

HAXlHUn CRYSTAL LENGTH, INCLUDING CONES <{.1 » C«» 75 

LAST CRYSTAL MUST BE 50 PERCENT OF tlAX LENGTH TO BE STARTED 

NO. OF HOURS HORNED EACH DAY OF THE UEEK (UP) t 24 

NO. OF DAYS HORNED PER HEEN (DAYS) » 7 

UNSCHEDULED DOHNTIHE, PCT OF HORNDAY\ 0 

AUG SET-UP TItlE (SU), HOURS t 2 ^ ^ ' 

AUG CRUCIBLE HEAT-UP TINE (tiU), HOURS t 2.5 


siiLLm 


MAX LENGTH I 75 CM GROUTH RATE) 12.8 C«/HR 
UEENLY UOLUHE, CU-CN » 163085 
UEENLY AUG UOL,CU-CH/MIN » 16.16 

UEENLY HEIGHT, NGi 397.93 

HQ.Ua 

UQSKQOY, UQU&S * 24.0 

nS^F^CRYSTAL starts 2.0 

TOTAL LENGTH, METERS 1.5 
UOLUNE, CU8IC-CH 20386 
CU8IC-CH GROUN^rilN 14.2 


CZO TECHNIQUE • DIA, CI1 15 


IUIa UEQa 
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S 8 I . 

S,UHx 

IQIUL 


24.0 

24.0 

24.0 

24.0 

24«0 

168.0 

3.0 

2.0 

2.0 

3.0 

2.0 

2.0 

16.0 

2.3 

1.5 

1.5 

2.3 

1.5 

1.5 

12.0 

30578 
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20306 

30570 

20386 

20366163065 

21.2 

14.2 
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24.0 

24.0 

24.0 

24.0 

24.0 

24.0 

24.0 

160.0 

HO OF CRYSTAL STARTS 
LAST XTL,PRTN OF MAX 

2.0 

3.0 

2.0 

2.0 

3.0 

2.0 

2.0 

16.0 

DAILY SETUP TIME,HRS 

6*0 

4.0 

4.0 

6.0 

4.0 

4.0 

4.0 

32.0 

CRUCIBLE HEAT -UP, HRS 

6.3 

6.2 

5.0 

5.0 

6.7 

5.0 

5.0 

40.0 

CRYSTAL PULLING, HRS 

11.7 

13.8 

15.0 

12.2 

13.3 

15.0 

12.7 

93.7 

REN UNPROD TINE, HRS 







2.3 

2.3 

TOTAL TIME, HOURS 

24.0 

24.0 

24.0 

24.0 

24.0 

24.0 

24.0 

160.0 





QQUa 

IUSa USQa 

ZUUa 
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SSIa 

SUUa 
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24.0 

24.0 

24.0 

24 . D 

24.0 

24.0 

24.0 
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NO OF CRYSTAL STARTS 
LAST Xr .PCT OF NAX 

2.0 

3.0 

2.0 

2.0 

3.0 

2.0 

2.0 

16.0 

OAILY SETUP TltfEpPCT 

25.0 

16.7 

16.7 

25.0 

16.7 

16.7 

16.7 

19.0 

CRUCIBLE HEAT-UPdPCT 

26.2 

25.9 

20.0 

24.0 

20.1 

20.0 

20.0 

23.0 

CRYSTAL PULL TNG D PCT 

46.8 

57.4 

62.5 

51.0 

55.3 

62.5 

53.1 

55.0 

REN UNPROV TINE A PCT 







9.4 

1.3 

TOTAL TINEa percent 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

Pig. 5. Czochralski 

technology; 

1 5“cm-diameter 


3~shift operation. 


Computer Analysis 107 



£CQdZ Z6H£ UQiHLiiiS. 


SSV'SK'MJaE'*™ C.U M«K5 «>1.> 3< 

SSi«g g®?«5'^'of &n’o 
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NOOF CRYSTAL STANTS 
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24.0 

24.0 

24.0 
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3.0 

3.0 

3.0 

2 *6 

21.6 

4.S 

£.0 

4.5 

4*5 

4.5 

4.5 

3.9 
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70339 93786 

70339 

70339 

70339 

70339 

S9736505218 

4B.6 

65. 1 

48.8 
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48.8 
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«<u(»cs.(2c.csrsr«tcs.eu{.L£e.eES.«££K.attC-ixg£-cxsifiuuiic« 
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mx 
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24.0 

24.0 

24.0 

24.0 

24.0 

166.0 

NO OF CBYSTAL starts 

3.8 

4.0 

3.0 

3.0 

3.0 

3.0 

2.0 

21.0 

u^T xtl*prtn of nan 







O.S 

O.S 

DAILY SETUP TttlE,HR$ 

3.8 

3.3 

3.0 

3.0 

3.0 

3.0 

3.0 

22.0 

crucible HEAT-UP.HRS 

i.5 

2.0 

1.5 

l.S 

1.5 

1.5 

1.5 

11.0 

CRYSTAL PULLING. NR$ 
REN UNPROD TINE* HRS 

18.8 

16.0 

19.5 

19.5 

19.5 

19.5 

19.5 

135. D 

TOTAL TINE* HOURS 

24.0 

24.0 

24.0 

24.0 

24.0 

24.0 

24.0 

166.0 


&£lSE&.Ql^CSX.5IiSLtJimJUlJSEI^JlUKjSHZJS£RQSHmi.lltXJlliimUllQIi 


mx 

£U£. 

mu^ 

EiU 


tOZ6L 

liOSEMn:* ti(2U8S t 

24.0 

24.0 

24.0 

24.0 

24.0 

24.0 

24.0 

166.0 

NO OF CRYSTAL STARTS 
LAST XTL*PCT OF MAX 

3.0 

4.0 

3.0 

3.0 

3.0 

3.0 

2.0 

0.6 

21.0 

0.6 

DAILY SETUP TINE*PCT 
CRUCIBLE HEAT-UP*PCT 
CRYSTAL PULLING. PCT 
REN UNPROP TINE* PCT 

15.6 

6.3 

76.1 

13.5 

6.3 

76.1 

12.5 

6.3 

61.2 

12.5 

6.3 

Oi.2 

12.5 

6.3 

61.2 

12.5 

6.3 

61.2 

12.5 

6.3 

61.2 

13.1 

6.5 

60.4 

TOTAL TINE* PERCENT 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 


Fig-. 6. Float-zone technology: 1 5 -cm-diameter , 

3-shift operation. 
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LISI.QOa5Ide<^S.d(KC.UC£5.CUSS£6r.lf6U/£S 

czQ.ctiiiiLiia itommi 

CRYSTAL DIAMETER <D)*CH t 10 

SEED AND TAIL CONES* ANGLE UITH C/L* DEGREES (AU 30 
GROUTH RATE W2).CH/HRt 9.83 

HAXimn CRYSTAL LENGTH, INCLUDING CONES (LI* CtU 75 

LAST CRYSTAL MUST BE SO PERCENT OF MAX LENGTH TO BE STARTED 

NO. OF HOURS UORXED EACH DAY OF THE NEEK («D) t 16 

NO. OF DAYS UORKED PER UEEK (DAYS) : 5 

UNSCHEDULED DOUNTIME. PCT OF UORKDAYi 0 

AUG SET-UP TIME (SU), HOURS t 2 

AUG CRUCIBLE HEAT-UP TIME (UU), HOURS t 2.S 


csrsidi eULLlHi 

MAX LENGTH t 75 CM GROUTH RATE) 9.83 CM /HR • 
UEEXLY UOLUME, CU-CM i 24918 
UEEXLY AUG UOL*CU-CM/MIN t 5.19 


CEO TECHNIQUE’ DIA, CM 10 


UEEXLY UEIGHT* KG* 


TOTAL LENGTH* METERS 
UOLUME* CUBIC-CM 
CUBIC-CM GROUN/MIN 


60.80 



lUi*. UiQ*. 

IHUx 

m± iaix imx 

rcrat 

1S»0 

16.0 

16.0 

16.0 

16.0 

80.0 

1.0 

1.0 

1.0 
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1.0 

5.0 

0.8 

o.e 

0.8 

0.0 

0.6 

3.8 

4904 

5.2 

4964 4964 

5.2 5.2 
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5.2 

4904 

5.2 

24918 




UQ&KQ6t* UQU&S < 

NO OF CRYSTAL STARTS 
LAST XTL.PRTN OF MAX 


DAILY SETUP TIME, HRS 
CRUCIBLE HEAT-UP*HRS 
CRYSTAL PULLING* HRS 
REM UNPROD TIME* HRS 

TOTAL TIME* HOURS 


MQH*. 

ZUE*. 

UEDx 

ViU*. 

Esu SSI*, sm*. 


16.0 

16.0 

16.0 

16.0 

16.0 

00.0 

1.0 

1.0 

1.0 

1.0 

1.0 

5.0 

4.0 

2.0 

2.0 

2.0 


10.0 

2.5 

2.5 

2.5 

2.5 

2.5 

12.5 

7*6 

7.6 

7.6 

7.6 

7.6 

38.1 

1.9 

3.9 

3.9 

3.9 

5.9 

19.4 

16.0 

16.0 

16.0 

16.0 

16.0 

60.0 





UQUx 

lUE*. 


lUUx 

HI* 

SUHx lilSL 

uomat* UQU&S t 

16.0 

16.0 

16.0 

16.0 

16.0 

60.0 

NO OF CRYSTAL STARTS 
LAST XTL.PCT OF MAX 

1.0 

1.0 

1.0 

1.0 

1.0 

5.0 

DAILY SETUP TIME*PCT 

25.0 

12.5 

12.5 

12.5 


12.5 

CRUCIBLE HEAT -UP, PCT 

15.6 

15.6 

15.6 

15.6 

15.6 

15.6 

CRYSTAL PULLING* PCT 

47.7 

47.7 

47.7 

47.7 

47.7 

47.7 

REM UNPROD TIME* PCT 

11.7 

24.2 

24.2 

24.2 

36.7 

24.2 

TOTAL TIME* PERCENT 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

Fig. 7, Czochralski 

technology; 

1 0-cm-diameter 


2-shift operation. 
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ELQAt zaai ucmQiiS. 


CRYSTAL DIAdETER (D),CH i 10 

SEED AND TAIL CONES* ANGLE UlTH C/L, DEGREES Mi .) 30 
6ROUTH RATE (ViUCtl/HRi 24 ^ 

HAXIftUn CRYSTAL LENGTH. INCLUDING CONES iL), Cllt 

LAST CRYSTAL MUST BE 50 PERCENT OF HAX LENGTH TO BE STARTED 

NO, OF HOURS-UORKED'EACH DAY OF THE UEEX <«D) » 16 

NO, OF DAYS UORKED PER HEEK (DAYS) t 5 

UNSCHEDULED DOUNTIHE. PCT OF UORKDAYX 0 . 

AUG SET-UP TIME i&U). HOURS t 1 

AUG CRUCIBLE HEAT-UP TIME (HU). HOURS t 0.5 


csrsz^ EULLIHQ 


MRX LEMGTHt 150 CM GROUTH RATEt 24 CM/HR 
UEEKLY (W.UME. CU-CM » 108741 
UEEKLY AUG UOL.CU-CH/HIN t . 22.65 
UEEKLY HEIGHT. KGt 265.33 


FZ TECHNIQUE. DIA, CM 10 
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Mix 

^aix SUtix IQIdL 

W^RY^S*TARTS 

16^0 

2 . 0 - 

16.0 

2.0 

16.0 

2.0 

16.0 

2.0 

16.0 

2.0 

80.0 

10.0 

TOTAL LENGTHb flETERS 

3*0 

3.0 

3.0 

3.0 

3.0 

15.0 

UOLUtlEp CUBIC-Cn 
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21748 
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108741 
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22.7 

22.7 

22.7 
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HdOiasr. HQUSS t 

16.0 

16.0 
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2.0 

2.0 

2.0 
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DAILY SETUP TIME. HRS 
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2.0 

2.0 
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CRUCIBLE HEAT-UP. mS 
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1.0 

1.0 

1.0 

1.0 
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crystal pulling. HRS 
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12.5 

12.5 

12.5 

12.5 

62.5 

REM UNPROD TIME. HRS 



0.5 

0.5 

1.5 

2.5 

TOTAL TIME. HOURS 

16.0 

16.0 

16.0 

16.0 

16.0 

80.0 


no 
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ttoamt. HQuii * 

NO OF CRYSTM. STARTS 
LAST XTL.PCT OF MAX 


DAILY SETUP TIME. PCT 
CRUCIBLE HEAT-UP.PCT 
CRYSTAL PULLING. PCT 
REM UNPROD TIME. PCT 

TOTAL TIME. PERCENT 

Fig. 8. Float-zone technology: 
2-shift operation. 
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1 0-cm-diameter , 
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AUG SET-UP TIME (SU)> HOURS t 2 ^ ^ „ 
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CZO TECHNIQUE- DIA, CM 12 
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0.7 
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4.0 
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3.0 
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3.0 
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REM UNPROD TIME, HRS 
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16.0 

80.0 


8U9e£S-a£.csrsra(.s.eua£fi-e£g.8££s.8«(C.e€SC£8r8ii£.rxQ£-£xsrsxeurxG8 



tlQtij, 

IUIa 



£8Ix S6Ix SU(^x 

I(2IdL 

UQSKBAt, UaUSS > 

16.0 

16.0 

16.0 

16.0 

16.0 

eo.o 

NO OF CRYSTAL STARTS 

1.0 
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13.6 
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32.6 
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Fig. 9. Czochralski technology: 12-cm-diameter , 

2-shift operation. 
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Fig. 10. Float-zone technology: 
2-shift operation. 
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Fig. 11. Czochralski technology; 1 5 -cm-diameter » 
2- shift operation. 
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1 5-cm-diameter , . 



of each day where the machine remains idle. It has been set 
up for the next run, but insufficient time remains to heat 
up the polysilicon and pull a reasonably long (specified at 
50J5 of normal length) crystal. 

Another example is shown in Fig. 8, where during the first 
day of operation (Monday) the equipment remains idle for 4 . 3 
hours, or 26.6^ of the workday. In a more flexible pro- 
duction environment, 3.4 hours of overtime (2.5 + 5.2 - 4.3) 
would have resulted in a second crystal for the day. This 
problem does not happen to occur with the FZ case (Figs. 10, 
11, and 12), since the conditions (technology parameters) 
are such that two crystal starts per day can be readily 
scheduled. 

The foregoing points to the fact that cost-effective bulk 
(CZ0,FZ) crystal growth for photovoltaic applications should 
be a 24-hour round-the-clock operation, similar in concept 
to a steel mill. If, for some reason, this is not possible, 
then working hours of equipment operators should be 
scheduled around the crystal-growing cycle and not around 
arbitrary shift hours. 

Today, FZ crystallization from polysilicon into 
single-crystal material is not consistently achieved with 
one pass through the crystal, increasing processing time and 
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cost. Granted, float zoning is a more difficult crystal 
growing technique than CZO, requiring greater operator 
skill. This condition, however, should not become a 
detractor from FZ technology and could be overcome through 
better operator training and automation. 

The cost of polysilicon rods, suitable for FZ growth, is 
currently about twice the cost of polysilicon for CZO 
growth. Even though the former require somewhat more 
operator attention during the manufacturing cycle and the 
product (polyrod) must be free of cracks, there appears to 
be no compelling reason why the cost of polysilicon material 
in any bulk form should not be essentially the same, 
assuming an equal demand for it in the marketplace. 


Float-zone single-crystal material throughput, as one would 
expect from a review of the processing parameters, is 
considerably higher than CZO throughput. This difference is 
due to the variation in crystallization, or growth, rates, 
as shown in Table il. it is also due to the fact that 
longer crystals are grown with PZ than with CZO and, 
finally, to the variation in machine-setup and polysilicon 
melt-down times. This is shown graphically in Figs. 13 and 
14, where weekly material volume (cm^) vs crystal diameter 
(cm) is plotted for the two modes of operation. As can be 
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Fig. 13. Czochralski versus float-zone material throughput 
(7-day, 24-hour operation) . 
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Pig. 14. Czochralski versus float-zone material throughput 
(5-<lay, 16-hour operation). 


seen .from Fig. 13, FZ, in this projection, outproduces CZO 
by a factor of 3 for all three crystal diameters chosen. 
For the five-day, 16-hour-per-day operation {Pi'g. 14) , this 
difference is even greater because of the long CZO machine 
idle time discussed earlier. Since the turves for the other 
two projections of Table II would fall below the pictured FZ 
curve, this curve might be viewed as 6\if current estimate of 
future FZ technology potential. 

In sum, we believe that FZ technology is potentially less 
expensive than CZO, and a relatively small investment in 
technology development and equipment should solve 
technology-related throughput-limiting problems. 


Here is our scoreboard: 


FZ. CZO 


Productivity 
Equipment Cost 
Raw Material (Future) Cost 
Crucible Cost 


3 

1 

1 

0 


1 

1 

1 

1 


We conclude that the potential advantages of FZ technology 
have been underestimated, and that rapid action should be 
taken to develop FZ to the level of CZO. 
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4 . 0 CONCLUSIONS 


o Float-zone technology is potentially less expensive 
than Czochralski ' technology and, consequently, should 
be rapidly developed and automated to the level of 
today's Czochralski technology. 

o Float-zone technology can potentially outproduce 
Czochralski technology by a factor of 3. 

o Cost-effective bulk (CZO, PZ) crystal growth for 
photovoltaic devices demands a 24— hour— per-day factory 
operation. If this is not possible, careful 

scheduling of technician and equipment is required to- 
avoid excessively idle equipment". 
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